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://dSummary
Mycobacterium bovis is the cause of tuberculosis in most animal species including cattle and is a serious zoonotic
pathogen. Inman,M. bovis infection can result in disease clinically indistinguishable from that caused byMyco-
bacterium tuberculosis, the cause of most human tuberculosis. Regardless of host, the typical lesion induced byM.
bovis orM. tuberculosis is the tuberculoid granuloma. Tuberculoid granulomas are dynamic structures reflecting
the interface between host and pathogen and, therefore, pass through various morphological stages (I to IV).
Using a novel in-situ hybridization assay, transcription of various cytokine and chemokine genes was examined
qualitatively and quantitatively using image analysis. In experimentally infected cattle, pulmonary granu-
lomas of all stages were examined 150 days after aerosol exposure toM. bovis. Expression of mRNA encoding
tumour necrosis factor (TNF)-a, transforming growth factor-b, interferon (IFN)-g, interleukin (IL)-17A, IL-
16, IL-10, CXCL9 and CXCL10 did not differ significantly between granulomas of different stages. However,
relative expression of the various cytokines was characteristic of a Th1 response, with high TNF-a and IFN-g
expression and low IL-10 expression. Expression of IL-16 and the chemokines CXCL9 and CXCL10 was high,
suggestive of granulomas actively involved in T-cell chemotaxis.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Keywords: cytokine; granuloma; Mycobacterium bovis; tuberculosisIntroduction
Bacteria of the genus Mycobacterium are gram-
positive, acid-fast organisms that include several ma-
jor human and animal pathogens. Although human
tuberculosis is generally caused by Mycobacterium
tuberculosis, indistinguishable disease can be caused
by the zoonotic agent Mycobacterium bovis. The range
of hosts susceptible to M. bovis is broad and includes
man, domestic and wild ruminants, swine and carni-ondence to: M. V. Palmer (e-mail: mitchell.palmer@ars.usda.
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(http://creativvores. The hallmark lesion of tuberculosis, regardless
of host or tissue type, is the granuloma. When a gran-
uloma is the result of infection with mycobacteria
belonging to theM. tuberculosis complex (i.e.M. tuber-
culosis, M. bovis, Mycobacterium africanum, Mycobacte-
rium microti, Mycobacterium caprae, Mycobacterium
canetti,Mycobacterium pinnipedii orMycobacterium mungi)
(Rodriguez-Campos et al., 2014) it may also be
referred to as a tubercle or tuberculoid granuloma
(Myers et al., 2012).
The granuloma is a distinctive morphological
lesion associated with chronic inflammation, in which
the predominant cell type is a modified epithelial-likeElsevier Ltd. This is an open access article under the CC BY-NC-ND license
ecommons.org/licenses/by-nc-nd/4.0/).
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within granulomas are lymphocytes and multinucle-
ated giant cells, formed through fusion of multiple
macrophages (Cheville, 1999). The prototypical
tuberculoid granuloma has a central region of caseous
necrosis, surrounded by a zone of epithelioid macro-
phages andmultinucleated giant cells, with the outer-
most zone containing increasing numbers of
lymphocytes and occasional plasma cells. As granu-
lomas result from chronic inflammation, the entire
mass of necrotic tissue and inflammatory cell infiltrate
is often encased within a fibrous capsule of variable
thickness. The tuberculoid granuloma is a dynamic
structure that directly reflects the interface between
host and pathogen (Palmer et al., 2007; Lin et al.,
2013). It is here that interactions between host and
pathogen determine disease confinement or
dissemination, bacterial replication, killing or
latency. In short, it is the granuloma where disease
outcome is determined. The microscopical
morphology of tuberculoid granulomas has been
categorized into four different stages (IeIV) based
on cellular composition, size and presence or
absence of necrosis, fibrosis and mineralization
(Wangoo et al., 2005; Palmer et al., 2007).
The immune response of cattle to infection withM.
bovis has been viewed in the context of disease patho-
genesis, diagnosis and vaccine efficacy. The systemic
immune response to infection has been examined us-
ing serology and assays of delayed type hypersensitiv-
ity (DTH) in vivo (e.g. the tuberculin skin test) and
ex vivo (interferon [IFN]-g release assays) as well as
ex-vivo proliferative responses of peripheral blood
mononuclear cells (PBMCs) stimulated with M. bo-
vis-specific or other relevant antigens (Pollock et al.,
1996, 2000, 2001, 2003; Waters et al., 2000, 2006a,
2006b, 2006c; Welsh et al., 2005). More targeted
investigations have examined tissues or organs
containing tuberculoid granulomas, focusing on
regions within or near lesions (Widdison et al., 2006,
2009; Thacker et al., 2007; Shu et al., 2014). Others
have focused on the granuloma itself, through the
use of immunohistochemistry (IHC) or laser
capture microdissection (LCM) combined with real
time quantitative polymerase chain reaction
(qPCR) (Palmer et al., 1999; Wangoo et al., 2005;
Johnson et al., 2006, 2007; Aranday-Cortes et al.,
2012a). Relatively few studies have focused on
granulomas of different stages of development
(Palmer et al., 1999; Johnson et al., 2007; Aranday-
Cortes et al., 2012a). Moreover, previous studies
have examined cytokine expression by stimulated
PBMCs or cells from tuberculous lymph nodes
(Thacker et al., 2007; Boddu-Jasmine et al., 2008;Witchell et al., 2010; Aranday-Cortes et al., 2012a,
2012b). Few studies have examined cytokine
expression at the primary site of infection (i.e. the
lung) using a model that closely mimics natural
infection (Shu et al., 2014).
Regardless of the level of assessment (i.e. systemic
or lesion specific), certain cells and factors (i.e. cyto-
kines and chemokines) are essential in the response
to M. bovis infection and the formation of a tubercu-
loid granuloma. T-cell immunity is essential for the
clearance of mycobacterial infections, specifically a
cell-mediated, T-helper 1 (Th1) response, as opposed
to a humoral (Th2) response. As such, CD4+ T cells
are the predominant lymphocyte subtype in bovine
tuberculoid granulomas of all stages (Palmer et al.,
2007). Lower numbers of CD8+ T cells, g/d T cells
and B cells can also be found in all stages. Stage IV
granulomas may contain dense clusters of B cells in
the periphery or outside the capsule. g/d T cells
have been described in both early- (Palmer et al.,
2007) and late-stage bovine granulomas (Wangoo
et al., 2005; McGill et al., 2014).
A clear feature of the bovine immune response to
M. bovis is early and persistent production of IFN-g
by Th1 and CD8+ effector T cells. Other cytokines
and chemokines shown to be associated with an
anti-mycobacterial response in cattle include tumour
necrosis factor (TNF)-a, interleukin (IL)-17A,
CXCL9 and CXCL10 (Thacker et al., 2007;
Aranday-Cortes et al., 2012a; Shu et al., 2014).
Using lymph nodes from experimentally infected
cattle, one study showed that the expression of
certain cytokines and chemokines varied among
different stages of granuloma development
(Aranday-Cortes et al., 2012a). Inmost cases, changes
in expression were not linear in that there was not a
trend of increasing or decreasing expression from
stages I through IV. Response to infection is a func-
tion of the site of granuloma formation, with pulmo-
nary granulomas producing more IFN-g and IL-
17A than those found in the lymph nodes of experi-
mentally infected cattle. Such findings suggest that
the immune response to M. bovis is complex and
may not follow a linear pattern of progression as sug-
gested by a progressive change in granuloma
morphology.
The aim of the present study was to evaluate the
expression of key cytokines and chemokines in pulmo-
nary granulomas induced in cattle following aerosol
infection with M. bovis. Using a novel mRNA in-situ
hybridization (ISH)method cytokine and chemokine
gene expression was visualized in the context of gran-
uloma morphological stage and location within the
granuloma.
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Aerosol Challenge with M. bovis
Two strains of M. bovis were used for challenge: 95-
1315 (Schmitt et al., 1997) and 10-7428 (Francisco
et al., 2014). Low passage (#3) cultures of both strains
were prepared using standard techniques (Larsen
et al., 2007) inMiddlebrook 7H9 liquidmedia (Becton
Dickinson, Franklin Lakes, New Jersey, USA) supple-
mented with 10% oleic acidealbuminedextrose
complex (OADC) plus 0.05% Tween 80. These two
strains have been shown to be of equal virulence
and induce lesions of similar severity (Waters et al.,
2014). As such, for analysis all calves were considered
as a single group ofM. bovis infected animals. Holstein
calves (6-month-old neutered males) were obtained
from a tuberculosis free herd and housed in a biosafety
level (BSL)-3 facility at the National Animal Disease
Center, Ames, Iowa, according to Institutional
Biosafety and Animal Care and Use Committee
guidelines. Three months after acquisition of the
calves, M. bovis challenge inoculum was delivered by
nebulization into a mask (Equine AeroMask; Tru-
dell Medical International, London, Ontario, Can-
ada) covering the nostrils and mouth. Calves
received either 104 colony forming units (cfu) ofM. bo-
vis 95-1315 (n¼ 8) or 104 cfuM. bovis 10-7428 (n¼ 8)
by aerosol as described (Palmer et al., 2002). The inoc-
ulum was inhaled through a one-way valve into the
mask and directly into the lungs via the nostrils.
The process continued until the inoculum, a 1 ml
phosphate buffered saline (PBS) wash of the inoculum
tube and an additional 2 ml of PBS were delivered, a
process taking approximately 10 min. Strict biosafety
protocols were followed to protect personnel from
exposure to M. bovis throughout the study. The
BSL-3 animal housing had negative air pressure as
compared with the outside. Airflowwithin the animal
rooms was such that air was extracted from individual
rooms, preventing air exchange between rooms.
Airflow was adjusted to produce 11.4 air changes
per hour.Mycobacterial Isolation and Staging of Lesions
All calves were killed 150 days after challenge by
intravenous administration of sodium pentobarbital.
Tissues were examined for gross lesions and processed
for microscopical analysis and isolation ofM. bovis by
bacteriological culture. The findings for all tissues
examined are reported in detail elsewhere (Waters
et al., 2014). The in-situ cytokine and chemokine
gene expression reported herein was limited to sam-
ples from the lung. Samples of lung containing repre-
sentative gross lesions were collected formicroscopical evaluation, ISH using the
RNAScope system (Advanced Cell Diagnostics
Inc., Hayward, California, USA) and morphometric
analyses. Samples were fixed in 10% neutral buffered
formalin, processed routinely and embedded in
paraffin wax. Sections (5 mm) were stained with hae-
matoxylin and eosin (HE). Adjacent sections from
samples containing caseonecrotic granulomas sugges-
tive of tuberculosis were stained by the
ZiehleNeelsen technique for visualization of acid-
fast bacteria (AFB). Adjacent unstained sections
were also prepared for ISH.
One to three slides with tuberculoid granulomas
were analyzed from each animal. For each slide, all
granulomas were staged (IeIV) according to criteria
adapted from those described previously (Rhoades
et al., 1997; Wangoo et al., 2005; Palmer et al.,
2007). For each cytokine or chemokine investigated
a minimum of 35 granulomas were analyzed. For
negative controls 120 (15 for each cytokine or
chemokine) regions (12  106 mm2 each) of
microscopically normal, non-lesional lung were
analyzed. Stage I (initial) granulomas were charac-
terized by accumulations of epithelioid macrophages
admixed with low numbers of lymphocytes and neu-
trophils. Multinucleated giant cells were sometimes
present, but necrosis was absent. When present,
AFB were seen within macrophages or multinucle-
ated giant cells. Stage II (solid) granulomas were
characterized by accumulations of epithelioid macro-
phages surrounded by a thin, incomplete connective
tissue capsule. Infiltrates of neutrophils, lymphocytes
and multinucleated giant cells were sometimes pre-
sent. Necrosis was centrally located and minimal to
mild. When present, AFB were seen within macro-
phages or multinucleated giant cells. Stage III
(necrotic) granulomas were characterized by necrotic
cores, some with small foci of dystrophic mineraliza-
tion, surrounded by a zone of epithelioid macro-
phages admixed with multinucleated giant cells and
lymphocytes. As distance from the necrotic core
increased, the relative number of lymphocytes also
increased and the number of epithelioid macrophages
and multinucleated giant cells decreased. The entire
granuloma was surrounded by a thin to moderate
fibrous capsule. When present, AFB were seen within
the necrotic core and, to a lesser extent, within macro-
phages or multinucleated giant cells. Stage IV
(necrotic and mineralized) granulomas were charac-
terized by a variably thick fibrous capsule surround-
ing irregular multicentric granulomas with multiple
necrotic cores, often with foci of dystrophic minerali-
zation. Epithelioid macrophages and multinucleated
giant cells surrounded necrotic areas; these cellular
infiltrates were bordered by a zone of large numbers
Cytokine Gene Expression in Bovine Tuberculosis 153of lymphocytes. AFB were most often present within
the necrotic core.RNA Chromogenic In-situ Hybridization
Visualization of RNA transcripts for TNF-a, trans-
forming growth factor (TGF)-b, IFN-g, IL-17A,
IL-16, IL-10, CXCL9 and CXCL10 was done ac-
cording to the manufacturer’s instructions for
RNAScope 2.0 (Wang et al., 2012; Tubbs et al.,
2013). A proprietary probe combination was used
for each of the cytokine and chemokine mRNAs.
Briefly, sections (5 mm) were heated for 60 min at
60C in a HybEZ hybridization oven (Advanced
Cell Diagnostics). Tissues were dewaxed in xylene
followed by dehydration in an ethanol series and air
dried for 5 min. Tissue sections were incubated with
pretreatment 1 solution (endogenous peroxidase
block) for 10 min at room temperature (RT). Slides
were rinsed by immersion in double distilled water
(ddH2O), followed by immersion in pretreatment 2
solution (antigen retrieval citrate buffer) for
15 min at 100e104C (boiling). Slides were washed
in ddH2O and pretreatment 3 (protease) was
applied for 30 min at 40C. Slides were washed in
ddH2O and target or control probes were applied
with incubation at 40C for 2 h followed by rinsing
in wash buffer (Advanced Cell Diagnostics) for
2 min at RT. Signal amplification reagents 1 to 6
were applied sequentially for 30 min, 15 min,
30 min, 15 min, 30 min and 15 min, respectively.
Slides were rinsed in wash buffer for 2 min between
amplification reagents. Incubations with amplifier
reagents 1 to 4 were at 40C, while incubations with
amplifier reagents 5 and 6 were at RT. Positive
signal was visualized using Fast Red dye with
Gill’s haematoxylin counterstain. After drying for
15 min at 60C, slides were coverslipped using
mounting media (EcoMount, Biocare Medical,
Concord, California, USA). The positive control
probe consisted of proprietary probe for Bos taurus
cyclophilin B (PPIB), while the negative control
probe targeted dapB of Bacillus subtilis.Fig. 1. Stage I granuloma in bovine lung processed by
RNAScope for labelling of Bos taurus cyclophilin B
(PPIB)mRNA, used as apositive control. The granuloma
has been selected as a region of interest (green line) for
analysis by a colour deconvolution algorithm measuring
the area of Fast Red staining per mm2 of granuloma.
ISH. Bar, 50 mm.Morphometry
Slides were scanned at 40 magnification using the
Aperio ScanScope XT workstation (Aperio Technol-
ogy Inc., Vista, California, USA). Images were digi-
tized with ImageScope software (Aperio) and
analyzed using a modification of a standard colour
deconvolution analysis algorithm (Aperio). Micro-
scopical granulomas were identified as belonging to
one of the four stages (IeIV). Each granuloma was
selected as a region of interest using a freehand pentool (Fig. 1). Using the ImageScope colour deconvo-
lution analysis algorithm, the chromogenic reaction
of Fast Red was identified, quantified and the
percent area of Fast Red labelling per mm2 of gran-
uloma was calculated. Labelling controls (i.e. slides
with Fast Red staining only or Gill’s haematoxylin
staining only) were used in the colour deconvolution
algorithm to maximize identification of Fast Red
labelling and minimize inclusion of background hae-
matoxylin counterstaining.Statistical Analysis
Data were normalized using a log10 transformation.
Mean values of percent positive labelling for each
granuloma stage were compared using one-way anal-
ysis of variance (GraphPad Prism 6.0, GraphPad
Software, San Diego, California, USA). Differences
between means were then compared using Tukey’s
multiple comparison tests. P <0.05 was considered
significant.Results
For all cytokine or chemokine mRNAs examined, as
well as positive control targets, labelling of mRNA
transcripts was seen as dots of red chromogenic sub-
strate (i.e. Fast Red) (Fig. 2). The number of dots
within a single cell varied from one to numerous
dots, which sometimes coalesced to form an amor-
phous focus of intense labelling that obscured the
Fig. 2. Bovine pulmonary tuberculoid granuloma labelled for
TNF-a mRNA using RNAScope. Note punctate dots
indicative of labelling of mRNA transcripts. Dots vary
both in size and number of dots per cell. Labelling is seen
in cells of various morphological types, including a multi-
nucleated giant cell (arrow). ISH. Bar, 50 mm.
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from approximately 0.2 to 1.5 mm.
Within granulomas, cells morphologically consis-
tent with lymphocytes, macrophages and multinucle-
ated giant cells contained some degree of labelling for
all chemokines and cytokines examined (Fig. 2).
Consequently, some measure of labelling was seen in
both macrophage-rich and lymphocyte-rich zones of
the granulomas. In many cases, variable numbers of
single dots were also visible within the necrotic core
of the granulomas.
The amount of mRNA labelling, as measured by
percent positive labelling for TNF-a, TGF-b, IFN-
g, IL-17A, IL-16, IL-10, CXCL9 and CXCL10,
did not differ between granulomas of different
morphological stages I to IV. There were fewer stage
II granulomas than the other three stages; therefore,
stage II granulomas were excluded from the final
analysis. Although each stage was defined by specific
morphological characteristics, the most subjective
distinction was differentiating stage III from stage
IV granulomas (i.e. late stage granulomas). As there
were no statistically significant differences between
these two stages, data from both stages were com-
bined for final analysis. Final analysis compared stage
I (early) granulomas with late stage granulomas (III
and IV combined) and microscopically normal, non-
lesional lung (Fig. 3). Cytokine and chemokine gene
expression were significantly greater within granu-
lomas compared with non-lesional lung, with the
exception of expression of IL-17A and IL-10
mRNA, which did not differ between granulomas
and non-lesional lung (Fig. 3). Comparison of granu-lomas with or without visible AFB did not reveal
additional significant differences (data not shown).
When all granuloma stages were combined, expres-
sion levels between cytokine genes varied with great-
est expression of TNF-a, TGF-b and IL-16,
intermediate expression of IFN-g and low expression
of IL-17A and IL-10 (Fig. 4). Cytokine and chemo-
kine expression in non-lesional lung were generally
very low; however, there were differences between
targets with the greatest expression of TNF-a and
lowest expression of IFN-g, IL-17A and CXCL10
(Fig. 5).Discussion
A successful and persistent pathogen, both in terms of
evolution and disease,M. bovis has established a wide
array of strategies to induce or evade host immune re-
sponses. A key role is played by the cytokine milieu
present at sites of lesion development, chiefly the lungs
and lymph nodes. These mediators may be host or
pathogen induced and may serve as antimycobacte-
rial, pro-inflammatory agents or inhibitors of exces-
sive inflammation (i.e. anti-inflammatory) that may
promote mycobacterial survival. In tuberculosis,
granuloma formation is essential for control of bacte-
rial replication; however, paradoxically, such inflam-
mation is also the cause of tissue damage and clinical
disease.
In the present study, expression of TNF-a, TGF-b,
IFN-g, IL-16, CXCL9 and CXCL10 was signifi-
cantly greater within lesions than in non-lesional
lung, suggesting a potential role for these cytokines
and chemokines in mediating the bovine immune
response toM. bovis and pulmonary granuloma devel-
opment or maintenance. The fact that expression of
IL-17A and IL-10 was no greater within granulomas
than in non-lesional lung does not preclude their
possible role in granuloma formation, maintenance
or resolution, as tissues were collected at a single point
after inoculation. Time course studies would elucidate
the temporal characteristics of cytokine gene expres-
sion, granuloma development and disease progres-
sion. Although, in the present study, granulomas of
different morphological stages did not differ quantita-
tively in terms of expression of the chemokine and
cytokine genes examined, the present study did
demonstrate differences in relative expression be-
tween cytokine genes.
Relatively high expression was seen of transcripts
encoding TNF-a, TGF-b, IFN-g, IL-16 and the che-
mokines CXCL9 and CXCL10. TNF-a is key in con-
trolling the organization of myeloid and lymphoid
cells into granulomas capable of containing mycobac-
terial proliferation (Dorhoi and Kaufmann, 2014).
Fig. 4. Quantitative measure of mRNA labelling using
RNAScope for various cytokines in bovine pulmonary
tuberculoid granulomas (all morphological stages com-
bined). Data are expressed as the mean log10 transforma-
tion of the percent of positive labelling  SEM.
*Statistical significance compared with IFN-g
(P ¼ 0.018), IL-17A and IL-10 (P <0.0001). **Statisti-
cal significance compared with TNF-a, TGF-b, IL-16,
IL-17A and IL-10 (P <0.0001). ***Statistical signifi-
cance compared with TNF-a, TGF-b, IL-16 and IFN-
g (P <0.0001).
Fig. 3. Quantitative measure of mRNA labelling using RNAScope for various cytokines and chemokines in bovine pulmonary tubercu-
loid granulomas of stages I (early) and IV (late). Data are expressed as the mean log10 transformation of the percent of positive
labelling  SEM. NL, non-lesional, microscopically normal lung. *P <0.05.
Cytokine Gene Expression in Bovine Tuberculosis 155TNF-a has been described as a ‘dual function’ cyto-
kine in tuberculosis (Dorhoi and Kaufmann, 2014).
Absence or low levels of TNF-a is associated with fatal
disease progression (Flynn et al., 1995), but excessive
TNF-a induces a hyper-inflammatory milieu, which
promotes tissue damage and destruction (Dorhoi
and Kaufmann, 2014).
TGF-b plays a critical role in inflammatory
fibrosis, causing fibroblast migration and prolifera-
tion, increased collagen synthesis and inhibition of
extracellular matrix degradation by metalloprotei-
nases. In bovine tuberculoid lymph node granulomas,
TGF-b has been demonstrated by IHC and ISH in
epithelioid macrophages and Langhans multinucle-
ated giant cells; however, quantification of expression
has revealed inconsistent results. One study found
greater TGF-b by IHC in late stage granulomas
compared with early stage granulomas (Wangoo
et al., 2005). A separate study found lower expression
of TGF-b mRNA in stage IV granulomas compared
with stage I granulomas, with increased expression
in stage II granulomas (Aranday-Cortes et al.,
Fig. 5. Quantitative measure of mRNA labelling using
RNAScope for various cytokines and chemokines in
non-lesional, microscopically normal bovine lung. Data
are expressed as the mean log10 transformation of the
percent of positive labelling  SEM. *Statistical signifi-
cance compared with IL-16, IFN-g, IL-17A, IL-10 and
CXCL10 (P <0.0001). **Statistical significance
compared with TNF-a, TGF-b and CXCL9
(P <0.0001).
156 M.V. Palmer et al.2012a). It should be remembered that mRNA expres-
sion and demonstration of protein by IHC might
result in different findings. Moreover, TGF-b is pro-
duced in an inactive form that must be cleaved pro-
teolytically to become functional (Cotran et al., 1994).
IFN-g has been detected in bovine tuberculoid
lymph node granulomas using qPCR and IHC
(Johnson et al., 2006; Thacker et al., 2007; Boddu-
Jasmine et al., 2008; Witchell et al., 2010; Aranday-
Cortes et al., 2012a). IFN-g is a principal mediator
of macrophage activation and considered pivotal in
a protective Th1 response to mycobacteria. Mice
deficient in IFN-g are unable to restrict bacillary
growth and quickly succumb to infection with M.
tuberculosis (Flynn et al., 1993). IFN-g is produced
mainly by CD4+ and CD8+ T lymphocytes, natural
killer cells, antigen presenting cells and, to a lesser
extent, B cells (Sakamoto, 2012).
IL-16, initially named lymphocyte chemoattrac-
tant factor (LCF), is a cytokine with chemotactic
properties, but lacks the typical structural character-
istics of chemokines (Glass et al., 2006). IL-16 has both
pro-inflammatory and immunoregulatory properties
(Qin et al., 2005). Produced primarily by T cells,
the receptor for IL-16 is CD4 and a prominent role
of IL-16 is CD4+ cell chemotaxis (Richmond et al.,
2013). Therefore, it is understandable that IL-16
might play a role in tuberculoid granuloma develop-
ment or maintenance. IL-16 levels in excess of those
seen in serum have been measured in human cases
of tuberculous pleural effusion. Within the effusive
fluid, IL-16 correlated highly with numbers of
CD4+ T cells (Qin et al., 2005). In cattle, an increase
in IL-16 expression has been documented in bovine
PBMCs from cases of clinical paratuberculosis
(Johne’s disease) following stimulation with the caus-
ative agent,Mycobacterium avium supsp. paratuberculosis(Coussens et al., 2004), suggesting a potential role for
IL-16 in another important mycobacterial disease of
cattle.
CXCL10, also known as IFN-g-induced protein-
10 (IP-10), is a chemokine detected within human
and bovine tuberculoid lymph node granulomas
(Ferrero et al., 2003; Aranday-Cortes et al., 2012a).
Produced by monocytes, it attracts activated T cells
and monocytes to granulomas and promotes a Th1
response. In man, immunohistochemical labelling of
tuberculoid granulomas demonstrated IP-10 protein
in the area immediately surrounding the necrotic
core (Ferrero et al., 2003). Similarly, CXCL9, also
known as monokine induced by IFN-g (MIG), plays
a role in attraction of activated T cells and has been
demonstrated in bovine tuberculoid lymph node
granulomas by qPCR (Aranday-Cortes et al.,
2012a) and murine tuberculoid pulmonary granu-
lomas by IHC (Seiler et al., 2003). The relatively
heavy labelling of IL-16, CXCL10 and CXCL9
mRNA in granulomas of the present study is consis-
tent with the important role of T-cell chemotaxis in
granuloma development and maintenance. More-
over, high expression in granulomas of all four stages
suggests that all morphological stages in the present
study were ‘active’ granulomas in the sense that
chemotactic factors, presumably attracting activated
cells, were being expressed.
Labelling for IL-17A mRNA was seen at low levels
in all granuloma stages. A subset of T cells, known as
Th17 cells, produces IL-17A. Using qPCR, IL-17A
has been detected in bovine tuberculoid lymph node
and pulmonary granulomas (Aranday-Cortes et al.,
2012a; Shu et al., 2014). IL-17A has been also shown
to play a role in the immunopathology of other
chronic diseases (Reynolds et al., 2010). In PBMCs
from cattle infected experimentally withM. bovis, an-
tigen specific expression of IL-17A in vitro has been
correlated to both increased disease severity (Blanco
et al., 2011) and vaccine induced protection
(Vordermeier et al., 2009).
IL-10 is an important anti-inflammatory cytokine
controlling innate and adaptive immune responses
to tuberculous mycobacteria (Etna et al., 2014). The
principal function of IL-10 is to deactivate macro-
phages, resulting in diminished Th1 cytokine produc-
tion, as well as decreased production of reactive
nitrogen and oxygen species (Beamer et al., 2008).
As such, low levels of IL-10 encourage stronger Th1
responses (Welsh et al., 2005), while high levels of
IL-10 suppress Th1 responses and increase suscepti-
bility to mycobacterial infection (Feng et al., 2002).
Lower levels of IL-10 compared with Th1 cytokines
such as TNF-a and IFN-g would be expected in
active granulomas, such as those in the present study.
Cytokine Gene Expression in Bovine Tuberculosis 157A previous study in cattle demonstrated variable
and non-linear quantitative differences in expression
of TNF-a, TGF-b, IFN-g, IL-17A, CXCL10 and
CXCL9 mRNA in tuberculoid lymph node granu-
lomas of various morphological stages (Aranday-
Cortes et al., 2012a). TNF-a mRNA expression was
found to be higher in stage II granulomas compared
with stages I and IV, IL-17A expression was lower
in stage IV granulomas compared with stage I
granulomas and expression of CXCL10 and
CXCL9 mRNA was high in stage I granulomas
with lower expression at other stages. Although differ-
ences were noted, clear trends of increasing or
decreasing expression in granulomas from stages I to
IV were not seen for most cytokine or chemokine
transcripts examined. Differences between that study
and the present one may be due to differences in tissue
type, method of experimental infection, time after
infection or method of measuring mRNA expression.
Moreover, it has been demonstrated that cytokine
mRNA expression differs between tissue types (i.e.
lung versus lymph node) within the same animal
(Shu et al., 2014). A ‘circular model’ of M. tubercu-
losis-induced cytokine expression suggests that soon
after aerosol exposure, pro- and anti-inflammatory
cytokines are induced in the lung, which activate
innate immune cells such as neutrophils, monocytes,
macrophages and dendritic cells (Etna et al., 2014).
Dendritic cells containing bacilli then migrate to
draining lymph nodes, activating T cells through an-
tigen presentation and cytokine production.
Following their activation, T cells accumulate in the
infected lung to participate with multinucleated giant
cells, epithelioid macrophages and foamy macro-
phages in the formation of granulomas (Etna et al.,
2014). With such temporal, cellular and functional
differences, it is not surprising that granulomas of
the lungs and lymph nodes vary in cytokine mRNA
profile and expression. Moreover, it has been shown
that bacillary antigen expression differs in granu-
lomas of the lungs compared with that of the lymph
nodes in M. tuberculosis infected people (Mustafa
et al., 2014), potentially resulting in variable
pathogen-related stimuli inciting different host re-
sponses based on the organ affected.
The present study has several important limita-
tions. Firstly, all lesions analyzed were in the same or-
gan (i.e. lung) and examined at the same time point
after experimental infection (i.e. 150 days). Secondly,
granuloma staging is based solely on microscopically
visible morphological characteristics; moreover, using
traditional HE-stained tissue sections, cell identity is
based solely on morphology and is not discriminatory
as to cell functional types. Thirdly, although morpho-
metric image analysis has been used to evaluate levelsof immunohistochemical labelling of other targets
(Falkenberg et al., 2014), its use to measure labelled
mRNA, as done here, may not be sensitive enough
to detect subtle differences in expression.
The bovine immune response toM. bovis is complex
and dynamic. The present study suggests that differ-
ences in granuloma morphology, as assessed by light
microscopy and standard HE-stained tissue sections,
may not reflect significant quantitative differences
in individual cytokine expression.Acknowledgments
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